Abstract: This white paper highlights compact object and fundamental physics science opportunities afforded by high-throughput broadband (0.1-60 keV) X-ray polarization observations. X-ray polarimetry gives new observables with geometric information about stellar remnants which are many orders of magnitude too small for direct imaging. The X-ray polarimetric data also reveal details about the emission mechanisms and the structure of the magnetic fields in and around the most extreme objects in the Universe. Whereas the Imaging X-ray Polarimetry Explorer (IXPE) to be launched in 2021 will obtain first results for bright objects, a follow-up mission could be one order of magnitude more sensitive and would be able to use a broader bandpass to perform physics type experiments for representative samples of sources.
Introduction: The recent developments of broadband X-ray focusing mirrors with excellent angular resolution and matched broadband X-ray polarimeters make it possible to design and build sensitive X-ray polarimetry missions. Recognizing the scientific opportunities afforded by X-ray polarimetry, NASA and ASI are currently developing the Imaging X-ray Polarimetry Explorer (IXPE) [70] , a Small Explorer (SMEX) mission to be launched in 2021, which is expected to measure the polarization in the 2-8 keV energy range. In this white paper, we advocate for the science opportunities afforded by an IXPE follow-up mission, called the X-ray Polarization Probe (XPP) which promises a sensitivity improvement by a factor of 5-10 over IXPE, an energy bandpass broadened from 2-8 keV to 0.1-60 keV, and an angular resolution improvement from 30 to 5 -10 half power diameter (HPD). Such a mission will enable physics-type experiments with statistical samples of the most extreme objects in the Universe: black holes and neutron stars (see Table 1 ), and would allow us to probe matter, fields, and fundamental laws in extreme conditions. Black holes and neutron stars emit a substantial, in most cases even dominant, fraction of their energy in the X-ray band, making this the preferred band for their study. A series of X-ray imaging, spectroscopy and timing missions led to spectacular insights about the nature of these (and other) cosmic X-ray sources, as recognized by Riccardo Giacconi's share of the 2002 Nobel Prize in Physics. X-ray polarimetry is expected to give another boost to the field by adding two more observables, the polarization fraction and angle, which encode vital information on the geometry of the systems. Importantly, the polarization constrains not only the geometry of the source on femto-arcsecond scales but also the structure of the magnetic and gravitational fields. The measurement of the X-ray polarization will allow us to test our models of the X-ray emission mechanisms, the propagation of the X-rays through the curved spacetime in the vicinity of the compact objects, the competition of plasma and vacuum birefringence, and the nature of X-ray scattering and selective, polarization dependent X-ray absorption [e.g., see the reviews of 50, 44, 69, 6, 40] . IXPE, to be launched in 2021, will be the first dedicated X-ray polarimetry mission following the pioneering OSO-8 mission [e.g. 68], various satellite-borne mission with some polarization sensitivity [i.e. INTEGRAL, ASTROSAT, and Hitomi 18, 67, 35] and purpose-built balloon-borne hard X-ray missions [i.e. PoGO+ and X- Calibur 25, 39] . IXPE will deliver high signal-to-noise polarimetric measurements of the brightest Galactic sources and first results for a few extragalactic sources. In the following, we will highlight several exceptionally promising science opportunities afforded by a XPP-type follow-up mission. Dissect the structure of inner accretion flow onto black holes and observe strong gravity effects: Black hole mass accretion is one of the most consequential processes in astrophysics, with mass accretion onto supermassive black holes generating a significant fraction of the entire electromagnetic energy output of the Universe, and playing an important role in the evolution of galaxies and galaxy clusters through feedback [e.g. 20, 61, 15] . X-ray polarimetry will provide qualitatively new ways to measure the intrinsic properties of black holes: their mass and angular momentum (spin) [45, 59] . The distributions of these properties diagnose the formation and subsequent evolution of the population of BHs. For stellar-mass black holes in X-ray binary systems (XRBs), this informs on their formation via gravitational collapse of massive stars and on the evolution of the binary system. For supermassive black holes in active galactic nuclei (AGN), this informs on their growth throughout cosmological time, in tandem with their host galaxy, through accretion and mergers. The spins from X-ray observations (from Athena [53] and/or a HEX-P-type mission [46] using spin measurement methods developed based on the XPP data) will be an extremely valuable complement to supermassive black hole spins measured with the space-borne gravitational wave observatory LISA, and will be affected by completely different selection biases. Although several independent methods have been developed to estimate stellar-mass black hole spins, their results disagree widely for some sources [e.g. 42]. X-ray polarimetry will offer an independent method to measure inclinations and black hole spins [e.g. 45, 19] . Combining information from broadband X-ray polarimetry with higher-fidelity numerical simulations of accretion disks and the radiative processes can put spin measurement methods [74, 28, 48, 21, 11, 52 , 10] on a firmer footing.
X-ray polarimetry will elevate accretion disk studies to a new level by observing the dynamics (precession, warping, accretion disk waves) of the accretion disks of mass accreting stellar mass black holes (Fig. 1) . For example, X-ray spectropolarimetric observations of low-frequency (0.1 − 10 Hz) Quasi Periodic Oscillations (QPOs) can give precision measurements of the LenseThirring precession of the accretion flow [37] . Spectropolarimetric observations of high frequency (> 100 Hz) QPOs would allow testing models such as the orbiting hot-spot model [58, 5] .
Whereas Seyfert-type AGN are at the sensitivity threshold of IXPE, an XPP-like mission can increase the number of detected AGN from ∼5 to >20 with polarization energy spectra for bright sources enabling robust constraints on the geometry of the X-ray emitting corona.
Magnetic fields are thought to play a pivotal role in the accretion process: the magneto-rotational instability [MRI 3] provides the effective viscosity required to transport angular momentum outwards and thus drive inward accretion of material, and vertically ordered magnetic fields are thought to launch jets [9, 8] . Indeed, general relativistic magneto-hydrodynamic (GRMHD) simulations demonstrate that accretion and jet dynamics are crucially dependent on the strength and configuration of the magnetic field in the disk [54] . A broadband polarization mission can constrain the strength and structure of the accretion disk magnetic field as the effects of Faraday rotation and QED (Quantum Electro-Dynamics) birefringence (see next section) may strongly depolarize the emission in a wavelength dependent way below 2 keV [17] , and above 10 keV [14] , respectively.
Using neutron stars as fundamental physics laboratories: Broadband X-ray polarimetry offers exciting new ways to investigate the physics and geometry of isolated neutron stars (INSs), magnetars and X-ray dim isolated neutron stars (XDINSs) in particular. Furthermore, it enables the use of neutron stars as cosmic laboratories to quantitatively test QED high-field predictions, and to look for axion-like particles (ALPs). Magnetars, observationally identified with Soft Gamma-ray repeaters (SGRs) and Anomalous X-ray pulsars (AXPs), are characterized by ultra-strong fields (up to 20-30 B Q , where B Q ∼ 4.4 × 10 13 G is the quantum critical field). Their (persistent) emission comprises a thermal component from the star surface (kT ∼ 0.5-1 keV) plus a high-energy power-law tail reasonably produced by resonant Compton scattering onto magnetospheric currents [RCS model, see 66, 4, 55] . On the other hand, XDINSs are softer sources (kT ∼ 50-100 eV) with thermal surface emission, and B ≈ B Q . In such strong magnetic fields, photons in vacuo are linearly polarized in two normal modes, the ordinary (O) and extraordinary (X) ones. Below the electron cyclotron energy ∼ 11.6(B/10 12 G) keV, the X-mode opacity is suppressed with respect to the O-mode one so that the emerging thermal radiation is nearly 100% polarized in the X-mode. While averaging the emission from regions with different local magnetic field directions tends to reduce the net polarization, the effect of QED vacuum birefringence [32] can lock the polarization vector to the magnetic field direction up to large radii, where the field structure is more uniform [1, 33] , leading to polarization fractions as high as 40% to 80% at the detector [34] . The left panel of figure 2 shows simulated data for the magnetar 1RXS J170849.0-400910 according to the RCS model [65] . The observations below IXPE's 2 keV threshold can reveal the high polarization of the unscattered thermal photons. A 2 Ms 0.3-20 keV observation can show a distinct decrease of the Figure 3 : A next-generation X-ray polarimetric observatory can study the highly amplified magnetic turbulence thought to be key for the efficient acceleration of cosmic rays in supernova remnants and PWNs. The left panels show X-ray maps of a supernova shell simulated for a point spread function with 5 HPD (left: intensity, center: polarized flux (intensity times polarization fraction), right: polarization fraction as indicated by the color bar, see [13] ). The right panel shows the accuracy (2 σ confidence intervals) with which an XPP-type instrument can measure the linear polarization fraction from different regions of the Vela PWN in a 100 ksec observation.
polarization fraction with the photon energy, a powerful probe of the RCS scenario.
In the case of INS sources the extended energy range of an IXPE follow-up mission can scrutinize the polarization in the soft (0.1-2 keV) X-ray band. Figure 2 (right) shows a simulated 200 ks XPP observation of the XDINS RX J1856.5-3754 assuming surface blackbody emission 90% polarized in the X-mode [29] . The dipolar magnetic field B pol and the angles that the line-of-sight and the magnetic axis make with the rotation axis (χ and ξ respectively) are those inferred from observations [51, and references therein]. The full red line in the plot represents the best-fitting model obtained leaving B pol , χ and ξ free to vary, while the dashed lines show models with different values of B pol . The input model parameters are recovered by the best fit with remarkable accuracy (typical error a few percent for the angles and ∼ 20% for B pol ). Therefore, a polarization measure below 2 keV will measure the stellar magnetic field and geometry.
Spectropolarimetric pulsar observations allow searches for ALPs motivated by the strong CP problem [57] and recent developments in string theory [2] . ALPs can be produced via nucleonaxion bremsstrahlung in the core of a neutron star [30] . The production rate is typically taken to be sub-dominant to neutrino emission, so as not to alter standard cooling rates [7] . Once produced, these ALPs can convert to photons in the magnetosphere through ALP-photon coupling via the Lagrangian term g aγ aF µν F µν , and the conversion almost entirely occurs at a radial distance larger than the polarization radius. The photons produced from ALP conversion are polarized parallel to the plane containing the electric field and the external magnetic field of the neutron star. The polarization can be computed by performing a scan over ALP masses, couplings, and energies, as well as typical values for the neutron star parameters [23, 24] . For values allowed by the CAST experiment -g aγ = 5 × 10 −11 GeV −1 , m a = 10 −5 eV, 10 km magnetar radius and 20 × 10 14 G surface magnetic field -the ALP-induced parallel polarization can lead to a clear ALP detection.
A second-generation broadband X-ray polarimeter is ideally suited for observations of accretionpowered pulsars with known cyclotron resonant scattering features (CRSFs, absorption lines in the hard X-ray spectrum, seen between 10-80 keV), like Her X-1, Cep X-4, and Vela X-1. The CRSF energy is a direct tracer of the magnetic field strength, but the polarimetric observations will allow us to probe deeper into the geometry of the accretion column and magnetic field. CRFS models currently under development [e.g. 60] will allow us to compare polarization measurements with theoretical expectations from different geometries and to distinguish between a pencil and fan beam approximation of the accretion column geometry [49] . Even for accretion-powered pulsars without known CRSFs (and therefore no directly measured magnetic field strength), the polarimetric observations will probe the magnetic field through shifts in the polarization angle as function of energy. Ideal sources are bright X-ray pulsars like 4U 1909+07 and SMC X-4.
How do cosmic particle accelerators work and what role do magnetic fields play? X-ray polarimetric observations are expected to lead to transformational discoveries about the mechanisms accelerating particles in supernova remnants (SNRs), pulsar wind nebulae (PWNe), pulsars, and in black hole jets. SNRs are believed to be the primary accelerator of galactic cosmic rays and the detection of the non-thermal radio to gamma-ray emission from SNRs is consistent with this paradigm. X-ray polarimetry can inform us about turbulent magnetic field amplification in the particle accelerating shocks, a key mechanisms of the diffusive shock acceleration process. Indeed, high-resolution Chandra observations have recently revealed narrow synchrotron filaments in sources such as SN 1006 and Cas A. The TeV electrons emitting the synchrotron emission cool rapidly and thus trace the physical conditions in the surroundings of the shocks. As another fortunate coincidence, Faraday rotation, being proportional to the photon wavelength squared, partially depolarizes the radio emission, but not the X-ray emission. The polarimetric characterization of the magnetic turbulence requires angular resolutions of 10 HPD (see Fig. 3 , left panel and [13] ).
PWNe are strong synchrotron emitters characterized by broad-band continuum spectra [26] . They are one of the most efficient relativistic accelerators in the Galaxy and the only accelerators for which we can image relativistic particle accelerating shocks. PWNe thus constitute a laboratory for the study of particle acceleration by relativistic shocks. There is good evidence that radio and Xray particles are accelerated by different mechanisms, and that turbulence in the PWNe powers this process [63, 76] . Recent PIC simulations [16] indicate that non-thermal particles can be accelerated in turbulent and highly unstable MHD flows. Modeling of the surface brightness of the Crab wisps and torus and the Vela arc suggests that up to 50% of the magnetic energy might be in a turbulent component [12] . Observations with a next-generation instrument can resolve the polarization of the emission from different regions (Fig. 3, right panel) and can test these predictions.
The recent IceCube neutrino detection during the TXS 0506 flare strongly suggests that blazars can be the origin of ultra-high-energy cosmic rays [36] . Whereas hadronic blazar models predict that the X-ray emission is highly polarized synchrotron emission (10−20% pol. fractions) from primary protons and/or from secondary e +/− pairs, leptonic models predict much lower pol. fractions [41, 43, 71, 73, 56] . A second-generation X-ray polarimeter will be able to distinguish the leptonic and hadronic radiation mechanisms by measuring the polarization of a large number of LowSynchrotron-Peaked blazars which are too dim for IXPE. For the X-ray loud High-SynchrotronPeaked blazars, a second-generation X-ray polarimeter can probe time-dependent polarization signatures, and shed light on the magnetic field evolution in the blazar zone, where the most extreme energy dissipation and particle acceleration take place and give rise to the X-ray emission [72, 64] .
Technology readiness: An XPP-type mission uses technologies which are at a high readiness level, or will be by the time of a call for probe-sized missions. Multilayer coated X-ray mirrors can be fabricated based on mono-crystalline Si [75] or replicated electroformed-nickel shells [27] . The medium-energy polarimeters and the high-energy polarimeter have been designed, built and tested in relevant environmental conditions for the PRAXyS [38] , IXPE [70] and XIPE [62] , and NuSTAR [31] and X-Calibur [39] missions, respectively. The technology for the soft X-ray polarimeter is currently tested in a laboratory setting [47] . Apart from further maturing these technologies, no new development are necessary, and the risks of an XPP-type mission are exceptionally small.
